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Process for pro 



magnet materials. 



@ Permanent magnet materials of the Fe-B-R type are 
produced by: preparing a metallic powder having a mean 
particle size of 0.3-80 microns and a composition of 8-30 at 
% R, 2-2B at % B, and the balance Fe, compacting, and 
sintering, at a temperature of 900-1200 degrees C. Co up to 
50 at % may be present. Additional elements M (Ti. Ni, Bi, 
V, Nb, Ta, Cr, Mo, W, Mn, Al, Sb, Qe, Sn, Zr, Hf) may be 
present. The process Is applicable for anisotropic and iso- 
tropic magnet materials. 
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SPECIFICATION 

Title of the Invention 
Process for Producing Permanent Magnet Materials 

Background of the Invention 

Permanent magnet materials are one of the important 
electric and electronic materials in wide ranges from various 
electric appliances for domestic use to peripheral terminal 
devices for large-scaled computers. In view of recent needs 
for miniaturization and high efficiency of electric, and 
electronic equipment, there has been an increasing demand for 
upgrading of permanent magnet materials. 
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Major permanent magnet materials currently in use are 
alnico, hard ferrite and rare earth-cobalt magnets. Recent 
advance in electronics has demanded particularly small-sized 
and light-weight permanent magnet materials of high 
performance. To this end, the rare earth-cobalt magnets 
having high residual magnetic flux densities and high coercive 
forces are being predominantly used. 

However, the rare earth-cobalt magnets are very 
expensive magnet materials, since they contain costly rare 
earth such as Sm and costly cobalt in larger amounts of up to 
50 to 60 % by weight. This poses a grave obstacle to the 
replacement of alnico and ferrite for such magnets. 

In an effort to obtain such permanent magnets, RPe 
base compounds were proposed, wherein R is at least one of 
rare earth metals. A. E. Clark discovered that sputtered 
amorphous TbPe had an energy product of 29.5 MGOe at 4.2 K, 
and shows a coercive force He » 3.4 kOe and a maximum energy 
product (BH)max = 7 MGOe at room temperature upon heat-treated 
at 300 - 500 degrees C. Reportedly, similar studies of 
SmPe 2 indicated that 9.2 MGOe was reached at 77 K. 

In addition, N. C. Koon et al discovered that, with 
melt-quenched ribbons of 

(Pe 0.82 B 0.18 ) 0.9 Tb 0.05 La 0.05' HC ° f 9 k0e 0r m0i:e 
was reached upon annealed at about 875 K. However, the 

(BH)max of the obtained ribbons are then low because of the 

unsatisfactory loop rectangularity of the demagnetization 

curves thereof (M. C. Koon et al, Appl. Phys. Lett. 39(10) , 
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1981, pp. 840-842, IEEE transaction on Magnetics, Vol. MAG-18, 
NO. 6, 1982, pp. 1448-1450). 

Moreover, J. J. Croat and L. Kabacoff et al have 
reported that the ribbons of PrFe and NdFe compositions 
prepared by the melt-quenching technique show a coercive force 
of nearly 8 koe at room temperature (L. Kabacoff et al, J. 
Appl. Phys. 53(3)1981, pp. 2255-2257; J. J. Croat IEEE Vol. 
118, No. 6, pp. 1442-1447). 

These melt-quenched ribbons or sputtered thin films are 
not any practical permanent magnets (bodies) that can be used 
as such, and it would be impossible to obtain therefrom 
practical permanent magnets, in other words, it is impossible 
to obtain bulk permanent magnets of any desired shape and size 
from the conventional melt-quenched ribbons based on PeBR and 
sputtered thin films based on RFe. Due to the unsatisfactory 
loop rectangularity or squareness of the magnetization curves, 
the FeBR base ribbons heretofore reported are not taken as any 
practical permanent magnets comparable with the ordinarily 
used magnets. Since both the sputtered thin films and the 
melt-quenched ribbons are magnetically isotropic by nature, it 
is indeed almost impossible to obtain therefrom any 
magentically anisotropic permanent magnets of high performance 
(hereinafter called the anisotropic permanent magnets) for the 
practical purpose. 

As mentioned above, many researchers have proposed 
various processes to prepare permanent magnets from alloys 
based on rare earth elements and iron, but none have given 
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satisfactory permanent magnets for the practical purpose. 

Summary of the invention 

An object of the present invention is therefore to 
eliminate the disadvantages of the prior art processes for the 
preparation of permanent magnet materials based on rare earth 
and iron r and to provide novel practical permanent magnet 
materials and a technically feasible process for the 
preparation of same. 

Another object of the present invention is to obtain 
practical permanent magnet materials which possess good 
magnetic properties at room temperature or elevated 
temperature, can be formed into any desired shape and size, 
and show good loop rectangularity of demagnetization curves as 
well as magnetic anisotropy or isotropy, and in which as R 
resourceful light rare earth elements can effectively be used. 

Hore specifically, the FeBR base magnetic materials 
according to the present invention can be obtained by 
preparing basic compositions consisting essentially of, in 
atomic ratio, 8 to 30 % R representing at least one of rare 
earth elements inclusive of Y, 2 to 28 % B and the balance 
being Pe with inevitable impurities, forming, i.e., compacting 
therefrom alloy powders having a particle size of 0.3 to 80 
microns, and sintering said alloy powders at a temperature of 
900 to 1200 degrees C in a reducing or non-oxidizing 
atmosphere. 

The magnet materials of the present invention in which 
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as R resourceful light rare earth elements such as Nd or Pr 
are mainly used do not necessarily contain expensive Co, ana 
show (BH)max of as high as 36 MGOe or more exceeding by far 
the maximum value, (BH)max = 31 MGOe, of the conventional rare 
earth-cobalt magnets. 

It has further been found that the compound magnets 
based on FeBR exhibit crystalline x-ray diffraction patterns 
distinguished entirely over those of the conventional 
amorphous thin films and melt-quenched ribbons, and contain as 
the major phase a crystal structure of the tetragonal system. 
In this respect, the disclosure in.Europ. Patent Application 
No. 83106573. 5 filed on July 5 , 1983 is herewith incorporated 
herein. _j n accordance with the present invention,- the 

Curie points of the magnet materials can be increased by the 
incorporation of Co in an amount of 50 at % or below. 
Furthermore, the magnetic properties of the magnet materials 
can be enhanced and stabilized by the incorporation of one or 
more of additional elements {«) in specific at %. 

In the following the present invention will be 
described based on the accompanying Drawings which, however, 
are presented for illustrative purpose. 

Brief Description of the Drawings 

Fig. 1 is a graph showing changes of Br and iHc 
depending upon the amount of B <x at %) in a system of 
(85-x)Fe-xB-15Nd. 

Fig. 2 is a graph showing changes of Br and ipc 
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depending upon the amount of Hd (x at %) in a system of 
(92-x)Fe-8B-xNd. 

Pig. 3 is a graph showing a magnetization curves of a 
75Fe-10B-15Hd magnet. 

Pig. 4 is a graph showing the relationship of the 
sintering temperature with the magnetic properties and the. 
density for an Fe-B-R basic system. 

Fig. 5 is a graph showing the relationship between the 
mean particle size (microns) of alloy powders and iHc (kOe) 
for Fe-B-R basic systems. 

Fig. 6 is a graph showing the relationship between the 
Co amount (at %) and the Curie point Tc for a system 
(77-x)Fe-xCo-8B-15Nd. 

Fig. 7 is a graph showing the relationship of the 
sintering temperature with the magnetic properties and the 
density for an Fe-Co-B-R system. 

Fig. 8 is a graph showing the relationship between the 
mean particle size (microns) of alloy powders and iHc for 
Fe-Co-B-R systems. 

Pig. 9-11 are graphs showing the relationship 
between the amount of additional elements H (x at %) and Br 
(kG) for an Fe-Co-B-M system. 

Fig. 12 is a graph showing initial magnetization and 
demagnetization curves for Fe-B-R and Fe-B-R-M systems. 

Fig. 13 is a graph showing the relationship of the 
sintering temperature with magnetic properties and the density 
for an Fe-B-R-M system. 
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Pig. 14 is a graph showing the relationship between the 
Co amount (x at %) and the Curie point Tc for Fe-Co-B-Nd-M 
systems. 

Pig. 15 is a graph showing demagnetization curves - 
typical Fe-Co-B-R and Fe-Co-B-R-M systems (abscissa H (kOe>). 

Fig. 16 is a graph showing the relationship between the 
mean particle size (microns) and iHc (kOe) for an Fe-Co-B-R-M 
system. 

Fig. 17 is a graph showing the relationship of the 
sintering temperature with the magnetic properties and the 
density for an Fe-Co-B-R-M system. 

Detailed Description of the Preferred Embodiments 

The present invention will now be explained in detail. 
The present invention provides a process for the production of 
practical permanent magnets based on FeBR on an industrial 
scale. 

in accordance with the present invention, the alloy 
powders of FeBR base compositions are first prepared. 

While the present invention will be ' described 
essentially with respect to the anisotropic permanent magnets, 
it is understood that the present invention is not limited 
thereto, and can alike be applied to the isotropic permanent 
magnets. 

As illustrated in Fig. 1 showing (85-x)Fe-xB-15Nd as an 
example, the amount of B to be used in the present invention 
should be no less than 2 at ft in order to comply with a 
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coercive £orce r iHc, of 1 kOe or more required for permanent 
magnets, and no more than 28 % in order to exceed the residual 
magnetic flux density, Br, of hard ferrite which is found to 
be 4 kG. Hereinafter, % means atomic % unless otherwise 
specified. The more the amount of R, the higher the iHc and, 
hence, the more favorable results are obtained for permanent 
magnets. However, the amount of R has to be no less than 8 % 
to allow iHc to exceed 1 kOe, as will be appreciated from Fig. 
2 showing C92-x>Fe-8B-xd as an example. However, the amount 
of R is preferably no more than 30 %, since the powders of 
alloys having a high R content are easy to burn and difficult 
to handle due to the susceptibility of R to oxidation. 

Boron B used in the present invention may be pure- or 
ferro-boron, and may also contain impurities such as Al, Si 
and C. As the rare earth elements represented by R use is 
made of one or more of light and heavy rare earth elements 
including Y. In other words, R includes Hd, Pr, La, Ce, Tb, 
Dy, Ho, Er, Bu, Sm, Gd,- Pm, Tm, 7b, Lu and Y. The use of 
light rare earth as R may suffice for the present invention, 
but particular preference is given to Nd and Pr. The use of 
one rare earth element as R may also suffice, but admixtures 
of two or more elements such as mischmetal and didymium may be 
used due to their ease in availability and like factors. Sm, 
Y, La, Ce, Gd and so on may be used in combination with other 
rare earth elements, particularly Nd and Pr. The rare earth 
elements R are not always pure elements, and may contain 
impurities which are inevitably entrained in the course of 
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production, as long as they are commercially available. 

As the starting materials alloys of any componental 
elements Fe, B and R may be used. 

The permanent magnet materials of the present invention 
permit the presence of impurities which are inevitably 
entrained in the course of production, and may contain C, s, 
P, Cu, Ca, Mg, 0, Si, etc. within the predetermined limits. C 
may be derived from an organic binder, and S, P, Cu, Ca, Kg, 
0, Si and so on may originally be present in the starting 
materials or come from the course of production. The amounts 
of C, P, S, Cu, Ca, Mg, O and Si are respectively no more than 
4.0%, 3.5 %, 2.5 %, 3.5 %, 4.0 %, 4.0 %, 2.0 % and 5.0 %, with 
the proviso that the combined amount thereof shall not exceed 
the highest upper limit of the elements to be actually 
contained. These upper limits are defined to obtain, (BH)max 
of at least 4 MGOe. For higher (BH)max, e.g., 20 MGOe, the 
limits are set, particularly for Cu, C and P, at each no more 
than 2 %. It is noted in this connection that the amounts of 
P and Cu each are preferably no more than 3.3 % in the case of 
the isotropic permanent magnets (materials) for obtaining 
(BH)max of 2 MGOe or more. 

A composition comprising, by atomic percent, 8 to 30 % 
R representing at least one of rare earth elements inclusive 
of Y, 2 to 28 % B and the balance being Fe with inevitable 
impurities, provides permanent magnet materials of the present 
invention with magnetic properties as expressed in terms of a 
coercive force, iHc, of 1 kOe or more and a residual magnetic 
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flux density, Br, of 4 kG or more, and exhibit a maximum 
energy product, (BH)max, on the order of 4 KGOe that is at 
least equivalent to that of hard f errite or more. It is 
preferred that the permanent magnet materials comprises of 11 
to 24 % R composed mainly of light rare earth elements 
(namely, the light rare earth elements amount to 50 % or more 
of the entire R) , 3 to 27 % B and the balance being Pe with 
impurities, since a maximum energy product, (BH)max, of 7 KGOe 
or more is achieved. It is more preferred that the permanent 
magnet materials comprises 12 to 20 % R composed mainly of 
light rare earth elements, 4 to 24 % B and the balance being 
Pe with impurities, since a maximum energy product, (BH)max, 
of 10 MGOe or more is then obtained. Still more preferred is 
the amounts of 12.5 - 20 % R and 4 - 20 % B for (BH)max of 20 
HGOe or more, most preferred is the amounts of 13 - 19 % R and 
5 - 11 % B for (BH)max of 30 HGOe or more. 

The permanent magnet materials of the present invention 
are obtained as sintered bodies, and the process of their 
preparation essentially involves powder metallurgical 
procedures. 

Typically, the magnetic materials of the present 
invention may be prepared by the process constituting the 
previous stage of the forming and sintering process for the 
preparation of the permanent magnets of the present invention. 
For example, various elemental metals are melted and cooled 
under such conditions that yield substantially crystalline 
state (no amorphous state), e.g., cast into alloys having a 
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tetragonal system crystal structrure, which are then finely 
ground into fine powders. 

As the magnetic material use may be made of the powdery 
rare earth oxide R 2 0 3 (a raw material for R) . This may be 
•heated with, e.g., powdery Fe, powdery FeB and a reducing 
agent (Ca, etc.) for direct reduction (optionally also with 
powdery Co). The resultant powder alloys show a tetragonal 
system as well. 

In view of magnetic properties, the density of the 
sintered bodies is preferably 95 % or more of the theoretical 
density (ratio). As illustrated in Fig. 4, for instance, a 
sintering temperature of from 1060 to 1160 degrees C gives a 
density of 7.2 g/cns 3 or more, which corresponds to 96 % or 
more of the theoretical density. Furthermore, 99 % or more of 
the theoretical density is reached with sintering of 1100 to 
1160 degrees C. In Fig. 4, although density increases at 1160 
degrees C, there is a drop of (BH)max. This appears to be 
attributable to coarser crystal grains, resulting in a 
reduction in the iHc and loop rectangular ity ratio. 

Referring to (anisotropic) 75Fe-10B-15Nd typical of the 
magnetic materials based on FeBR, Fig. 3 shows the initial 
magnetization curve 1 and the demagnetization curve 2 
extending through the first to the second quadrant. The 
initial magnetization curve 1 rises steeply in a low magnetic 
field, and reaches saturation, and the demagnetization curve 2 
has very high loop rectangular ity. it is thought that the 
form of the initial magnetization curve 1 indicates that this 
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magnet is a so-called nucleation type permanent magnet, the 
coercive force of which is determined by nucleation occurring 
in the inverted magnetic domain. The high loop rectangularity 
of the demagnetization curve 2 exhibits that this magnet is a 
typical high-performance magnet. 

For the purpose of reference, there is shown a 
demagnetization curve 3 of a ribbon of a 70.5Fe-15.5B-7Tb-7La 
amorphous alloy which is an example of the known FeBR base 
alloys. (660 degrees C x 15 min heat-treated. J. J. Beckev 
IEEE Transaction on Magnetics Vol. HAG-18 No. 6, 1982, pl451 
- 1453.) The curve 3 shows no loop rectangularity whatsoever. 

To enhance the properties of the permanent magnet 
materials of the present invention, the process of their 
preparation is essential. 

The process of the present invention will now be 
explained in further detail. 

In general, rare earth metals are chemically so 
vigously active that they combine easily with atmospheric 
oxygen to yield rare earth oxides. Therefore, various steps 
such as melting, pulverization, forming (compacting) , 
sintering, etc. have to be performed in a reducing or 
non-oxidizing atmosphere. 

First of all, the powders of alloys having a given 
composition are prepared. As an example, the starting 
materials are weighed out to have a given composition within 
the above-mentioned compositional range, and melted in a 
high-frequency induction furnace or like equipment to obtain 
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an ingot which is in turn pulverized. Obtained from the 
powders having a mean particle size of 0.3 to 80 microns, the 
magnet has a coercive force, iHc, of 1 kOe or more (Fig. 5) . 
A mean particle size of 0.3 microns or below is unpreferable 
for the stable prepration of high-performance products from 
the permanent magnet materials of the present invention, since 
oxidation then proceeds so rapidly that difficulity is 
encountered in the preparation of the end alloy. On the other 
hand, a mean particle size exceeding 80 microns is also 
unpreferable for the maintenance of the properties of 
permanent magnet materials, since iHc then drops to 1 kOe or 
below. When a mean particle size of from 40 to 80 microns is 
applied, there is a slight drop of iHc. Thus, a mean particle 
size of from 1.0 to 20 microns is most preferable to obtain 
excellent magnetic properties. Two or more types of powders 
may be used in the form of admixtures for the regulation of 
compositions or for the promotion of intimation of 
compositions during sintering, as long as they are within the 
above-mentioned particle size range and compositional range. 

Also the ultimate composition may be obtained through 
modification of the base Fe-B-R alloy powders by adding minor 
amount of the componental elements or alloys thereof. This is 
applicable also for FeCoBR- , FeBRM- , and FeCoBRH systems 
wherein Co and/or H are part of the componental elements. 
Namely, alloys of Co and/or M with Fe, B and/or R may be used. 

It is preferable that pulverization is of the wet type 
using a solvent. Used to this end are alcoholic solvents. 
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hexane, trichloroethane, xylenes, toluene, fluorine base 
solvents, paraffinic solvents, etc. 

Subsequently, the alloy powders having the given 
particle size is compacted preferably at a pressure of 0.5 to 
8 Ton/ cm 2 . At a pressure of below 0.5 Ton/ cm 2 , the 
compacted mass or body has so insufficient strength that the 
permanent magnet to be obtained therefrom is practically very 
difficult to handle. At a pressure exceeding 8 Ton/ cm 2 , the 
formed body has so increased strength that it can 
advantageously be handled, but some problems arise in 
connection with the die and punch of the press and the 
strength of the die, when continuous forming is performed. 
However, it is noted that the pressure for forming is not 
critical. When the materials for the anisotropic permanent 
magnets are produced by forming-under-pressure, the 
forming-under-pressure is usually performed in a magnetic 
field. In order to align the particles, it is then preferred 
that a magnetic filed of about 7 to 13 kOe is applied. It is 
noted in this connection that the preparation of the isotropic 
permanent magnet materials is carried out by 
forming-under-pressure without application of any magnetic 
field. 

The thus obtained formed body is sintered at a 
temperature of 900 to 1200 degrees C, preferably 1000 to 1180 
degrees C. 

When the sintering temperature is below 900 degrees C, 
it is impossible to obtain the sufficient density required for 
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permanent magnet materials and the given magnetic flux 
density. A sintering temperature exceeding 1200 degrees C is 
unpreferable, since the sintered body deforms and the 
particles mis-align, thus giving rise to decreases in both 
the residual magnetic flux density, Br, and the loop 
rectangularlity of the demagnetization curve. K sintering 
period of 5 minutes or more gives good results. Preferably 
sintering period ranges from 15 minutes to 8 hours. The 
sintering period is determined considering the mass 
productivity. 

Sintering is carried out in a reducing or non-oxidizing 
atmosphere. For instance, sintering is performed in vacuum of 
-2 

10 Torr, or in a reducing or inert gas of a purity of 99.9 
mole % or more at 1 to 760 Torr. When the sintering 
atmosphere used is an inert gas atmosphere, sintering may be 
carried out at a normal or reduced pressure. However, 
sintering may be effected in reducing atmosphere or inert 
atmosphere under a reduced pressure to make the sintered 
bodies more dense. Alternatively, sintering may be performed 
in a reducing hydrogen atmosphere to increase the sintering 
density. The magnetically anisotropic (or isotropic) 
permanent magnet materials having a high magnetic flux density 
and excelling in magnetic- properties can be obtained through 
the above-mentioned -steps. For one example of the 
correlations between the sintering temperature and the 
magnetic properties, see Fig, 4. 

While the present invention has been described mainly 
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with reference to the anisotropic magnet materials, the 
present invention is also applicable to the isotropic magnet 
materials. In this case, the isotropic materials according to 
the present invention are by far superior in various 
properties to those known so far in the art, although there is 
a drop of the magnetic properties, compared with the 
anisotropic materials. 

It is preferred that the isotropic permanent magnet 
materials comprise alloy powders consisting of 10 to 25 % R, 3 
to 23 % B and the balance being Fe with inevitable impurities, 
since they show preferable properties. 

The term "isotropic" used in the present invention 
means that the magnet materials are substantially isotropic, 
i.e., in a sense that no magnetic fields are applied during 
forming. It is thus understood that the term "isotropic" 
includes any magnet materials exhibiting isotropy as by 
pressing. As is the case with the anisotropic magnet 
materials, as the amount of R increases, iHc increases, but Br 
decreases upon showing a peak. Thus the amount of R ranges 
from 10 to 25 % inclusive to comply with the value of <BH)max 
of 2 MGOe or more which the conventional isotropic magnets of 
alnico or ferrite. As the amount of B increases, iHc 
increases, but (BH)max decreases upon showing a peak. Thus 
the amount of B ranges from 3 to 23 % inclusive to obtain 
(BH)max of 2 MGOe or more. 

The isotropic permanent magnets of the present 
invention show high magnetic properties exemplified by a high 
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(BH)max on the order of 4 MGOe or more, if comprised of 12 to 
20 % R composed mainly of light rare earth (amounting to 50 at 
% or more of the entire R) , 5 to 18 % B and the balance being 
Fe. It is most preferable that the permanent magnets 
comprised of 12 to 16 % R composed mainly of light rare earth 
such as Nd and Pr, 6 to 18 % B and the balance being Fe, since 
it is then possible to obtain the highest properties ever such 
as (BH)max of 7 MGOe or more. 

The present invention will now be explained with 
reference to the following non-restrictive examples. 

The samples used in the examples were generally 
prepared through the following steps. 

(1) The starting rare earth used had a purity, by 
weight ratio, of 99 % or higher and contained mainly other 
rare earth metals as impurities. In this disclosure, the 
purity is given by weight. As iron and boron use was made of 
electrolytic iron having a purity of 99.9 % and ferroboron 
containing 19.4 % of.. B and as impurities Al and Si, 
respectively. The starting materials were weighed out to have 
the predetermined compositions. 

(2) The raw material for magnets was melted by 
high-frequency induction. As the crucible, an alumina 
crucible was then used. The obtained melt was cast in a 
water-cooled copper mold to obtain an ingot. 

(3) The thus obtained ingot was crushed to -35 mesh, 
and subseqently finely divided in a ball mill until powders 
having a particle size of 0.3 to 80 microns were obtained. 
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(4) The powders were compacted at a pressure of 0.5 to 

2 

8 Ton/ cm in a magnetic field of 7 to 13 kOe. However, no 
magnetic field was applied in the case of the production of 
isotropic magnets. 

(5) The compacted body was sintered at a temperature of 
900 to 1200 degrees C. Sintering was then effected in a 
reducing gas or inert gas atmosphere, or in vacuo for 15 
minutes to 8 hours. 

The embodiments of the sintered bodies obtained through 
above-mentioned steps are shown in Table 1. 

As will be understood from the embodiments, the PeBR 
base permanent magnets of high performance and any desired 
size can be prepared by the powder metallurgical sintering 
procedures according to the present invention. It is also 
possible to attain excellent magnetic properties that are by 
no means obtained through the conventional processes such as 
sputtering or melt-quenching. Thus, the present invention is 
industrially very advantageous in that the PeBR base 
high-performance permanent magnets of any desired shape can be 
prepared inexpensively. 

These PeBR base permanent magnets have usually a Curie 
point of about 300 degrees C and reaching 370 degrees C at 
most, as disclosed in Europ. Patent Application No. 83106573. 5 
filed on July 5, 1983 based on Japanese Patent Application No. 
57-145072. However, it is still desired that the Curie point 
be further enhanced. 

As a result of detailed studies, it has further been 
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found that the temperature-depending properties of such FeBR 
base mangets can be improved by adding Co to the permanent 
magnet materials based on FeBR ternary systems, provided that 
they are within a constant compositional range and produced by 
the powder metallurgical procedures under certain conditions. 
In addition, it has been noted that such FeBR base magnets do 
not only show the magnetic properties comparable with, or 
greater than, those of the existing alnico, ferrite and rare 
earth magnets, but can also be formed into any desired shape 
and practical size. 

in general, Co additions to alloy systems incur 
complicated and unpredictable results in respect of the Curie 
point and, in some cases, may bring about a drop of that 
point, in accordance with the present invention, it has been 
revealed that the Curie points of the FeBR base alloys 
(magnets) can be increased by substituting a part of the iron, 
a main component thereof, with Co (refer to Fig. 6). 

In the FeBR base alloys, similar tendencies were 
observed regardless of the type of R. Even when used in a 
slight amount of , e.g., 1 %, Co serves to increase Tc. Alloys 
having any Tc ranging from about 300 to 750 degrees C can be 
obtained depending upon the amount of Co to be added. (The Co 
incorporation provides similar effect in the FeCoBRM system, 
see Fig. 14} . 

Due to the presence of Co, the permanent magnets of the 
present invention show the temperature-depending properties 
equivalent with those of the existing alnico and RCo base 
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magnets and, moreover, offer other advantages. In other words, 
high magnetic properties can be attained by using as the rare 
earth elements R light rare earth such as resourcefull Nd and 
Pr. For this reason, the Co-containing magnets based on FeBR 
according to the present invention are advantagesous over the 
conventional RCo magnets from the standpoints of both resource 
and economy, and offer further exellent magnetic properties. 

Whether anisotropic or isotropic, the present permanent 
magnets based essentially on FeBR can be prepared by the 
powder metallurgical procedures, and comprise sintered bodies. 

Basically, the combined composition of B, R and (Fe + 
Co) of the FeCoBR base permanent magnets of the present 
invention is similar to that of the FeBR base alloys (free 
from Co) . 

Comprising, by atomic percent, 8 to 30 % R, 2 to 28 % 
R, 50 % or less Co and the balance being Fe with inevitable 
impurities, the permanent magnets of the present invention 
show magnetic properties - exemplified by a coercive force, iHc, 
of 1 kOe or more and a residual magnetic flux density, Br, of 
4 kG or more, and exhibit a maximum energy product, (BH)max, 
equivalent with, or greater than, 4 MGOe of hard ferrite. 

Table 2 shows the embodiments of the FeCoBR base 
sintered bodies as obtained by the same procedures as applied 
to the FeBR base magnet materials, and Fig. 7 illustrates one 
embodiment for sintering. 

Like the FeBR systems, the isotropic magnets based on 
FeCoBR exhibit good properties (see Figs. 2 to 6) . 
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As stated in the foregoing examples, the PeCoBR base 
permanent magnets materials according to the present invention 
can be formed into high-performance permanent magnets of 
practical curie points as well as any desired shape and size. 

Recently, the permanent magnets have increasingly been 
exposed to severer circumstances - strong demagnetizing fields 
incidental to the thinning tendencies of magnets, strong 
inverted magnetic fields applied through coils or other 
magnets, and high temperatures incidental to high processing 
rates and high loading of equipment - and, in many 
application, need to possess higher and higher coercive forces 
for the stabilization of their properties. 

Owing, to the inclusion of one or more of the aforesaid 
certain additional elements H, the permanent magnets based on 
FeBRH can provide iHc higher than do the ternary permanent 
magnets based on PeBR (see Pig. 12). However, it has been 
revealed that the addition of these elements M causes gradual 
decreases in residual -magnetization, Br, when they are 
actually added. Consequently, the amount of the elements M 
should be such that the residual magnetization, Br, is at 
least equal to that of hard ferrite, and a high coercive 
forced is attained. 

To make clear the effect of the individual elements M, 
the changes in Br were experimentally examined in varied 
amounts thereof. The results are shown in Pigs. 9 to 11. As 
illustrated in Figs. 9 to 11, the upper limits of the amounts 
of additional elements H (Ti, V, Nb, Ta, Cr, Ho, W, Al, Sb, 
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Ge f Sn, Zr, Hf) other than Bi, Hn and Hi are determined such 
that Br equal to, or greater than, about 4 kG of hard ferrite 
is obtained. The upper limits of the respective elements H 
are given below: 

4.5 % Ti, 8.0 % Ni, 5.0 % Bi, 

9.5 % V, 12.5 % Nb, 10.5 % Ta, 

8.5 % Cr, 9.5 % Mo, 9.5 % W, 

8.0 % Kn, 9.5 % Air 2.5 % Sb, 

7.0 % Ge, 3.5 % Sn, 5.5 % Zr, 

and 5.5 % Hf. 

Further preferable upper limits can clearly be read 
from Figs. 9 to 11 by dividing Br into several sections such 
as 6.5, 8, 9, 10 kG and so on. E.g., Br of 9 kG or more is 
necessary for obtaining (BB)max of 20 HGOe or more. 

Addition of Kn and Hi in larger amounts decreases iHc, 
but there is no appreciable drop of Br due to the fact that Hi 
is a ferromagnetic element. For this reason, in view of iHc, 
the upper limit of Ni is "8 %, preferably 6.5 %. 

The influence of Hn addition upon the decrease in Br is 
larger than the case with Ni, but not strong. In view of iHc, 
the upper limit of Hn is thus 8 %, preferably 6 %. 

The upper limit of Bi is fixed at 5 %, since it is 
Indeed impossible to produce alloys having a Bi content of 5 % 
or higher due to the high vapor pressure of Bi. In the case 
of alloys containing two or more of the additional elements, 
it is required that the sum thereof be no more than the 
maximum value (%) among the upper limits of the elements to be 
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actually added. 

Within the compositional range of FeBRM as mentioned 
above, for instance, the starting materials were weighed out 
to have a composition of 15 at % Nd, 8 at % B, 1 at % V and 
the balance being Pe, and melted into an ingot. The ingot was 
pulverized according to the procedures as mentioned above, 
formed at a pressure of 2 Ton/ cm 2 in a magnetic field of 10 
kOe, and sintered at 1080 degrees C and 1100 degrees C for 1 
hour in an argon atmosphere of 200 Torr. 

The relationship between the particle size of the 
powder upon pulverization and the coercive force, iflc,,. of the 
sintered body is substantially the same as illustrated in Pig. 
5. _ 

The results are shown in Table 3, from which it is 
found that the FeBRM base permanent magnet materials are 
• industrially very advantageous in that they can be formed into 
the end products of high performance and any* desired size by 
the powder metallurgical- procedures according, to the present 
invention, and can industrially be produced inexpensively in a 
stable manner. 

It is noted that no magnets of- high performance and any 
desired shape can be obtained by the prior art sputtering or 
melt-quenching. 

According to the other aspects of the present 
invention, improvements in iHc are in principle intended by 
adding said additional elements M to FeCoBR quaternary systems 
as is the case for the FeBR ternary systems. The coercive 
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£orce r iHc, generally decreases with increases in temperature, 
but, owing to the inclusion of H, the materials based on FeBR 
are allowed to have a practically high Curie point and, 
moreover, to possess magnetic properties equivalent with, or 
greater than, those of the conventional hard ferrite. 

In the FeCoBRM quinary alloys, the compositional range 
of R and B are basically determined in the same manner as is 
the case with the PeCoBR quaternary alloys. 

In general, when Co is added to Fe alloys, the Curie 
points of some alloys increase proportionately with the Co 
amount, while those of another drop, so that difficulty is 
involved in the prediction of the effect of Co addition. 

According to the present invention, it has been 
revealed that, when a part of Fe is substituted with Co, the 
Curie point increases gradually with increases in the amount 
of Co to be added, as illustrated in Fig. 14. Co is effective 
for increases in Curie point even in a slight amount. As 
illustrated in Fig. 14, alloys having any Curie point ranging 
from about 310 to about 750 degrees C depending upon the 
amount of Co to be added. 

When Co is added in an amount of 25 % or less, it 
contributes to increases in Curie points of the FeCoBRM 
systems without having an adverse influence thereupon, like 
also in the FeCoBR system. However, when the amount of Co 
exceeds 25 %, there is a gradual drop of <BB)max, and there is 
a sharp drop of (BH)max in an amount exceeding 35 %. This is 
mainly attributable to a drop of iHc of the magnets. When the 
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amount of Co exceeds 50 % , (BH) max drops to about 4 MGOe of 
hard ferrite. Therefore, the critical amount of Co is 50 %. 
The amount of Co is preferably 35 % or less, since (BH)max 
then exceeds 10 MGOe of the highest grade alnico and the cost 
of the raw material is reduced. Presence of Co 5 % or more 
provides the thermal coefficient of Br of about 0.1 %/degree C 
or less. Co affords corrosion resistance to the magnets, 
since Co is superior in corrosion resistance to Fe. 

Host of M serve to increase the He of the magnets based 
on both FeBRM and FeCoBRM systems. Fig. 15 illustrates the 
demagnetization curves of typical examples of the FeCoBRM 
magnets and the FeCoBR magnets (free from m) for the purpose 
of comparison. An increase in iHc due to the addition of M 
leads to an increase in the stability of the magnets, so that 
they can find use in wider applications. However, - since M 
except Ni is non-magnetic elements, Br decreases with the 
resulting decreases in (BH)max, as the amount of M increases. 
Recently, there have been increasing applications for which 
magnets having slightly low (BH)raax but high He are needed. 
Hence, M-containing alloys are very useful, as long as they 
possess <BH)max of 4 MGOe or higher. 

; To make clear the effect of the individual elements M, 
the changes in Br were experimentally examined in varied 
amounts thereof. The results are substantially similar with 
those curves for the FeBRM systems as shown in Figs. 9 to 11. 
As illustrated in Figs. 9 to 11, the upper limits of the 
amounts of M are principally determined such that Br of about 
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4 kG equal to, or greater than, that of hard ferrite is 
obtained, as is the case for the FeBRH systems. 

As seen from the foregoing examples, the PeCoBRM base 
permanent magnets can be formed into high-performance products 
of any desired size by the powder metallurgical procedures 
according to the present invention, and as will be appreciated 
from Pig. 7, no products of high performance and any desired 
shape can be obtained by the conventional sputtering or 
melt-quenching. Consequently, this embodiment is industrially 
very advantageous in that high-performance permanent magnets 
of any desired shape can be produced inexpensively. 

The preferable ranges of B and R are also given as in 
the case of FeBR or FeBRH cases. 

As the starting metallic powders for the forming 
(compacting) step, besides alloys with predetermined 
comosition or a mixture of alloys of within such compositions, 
any elemental metal or alloys of the componental elements 
including Fe, B, R, Co and/or additional elements H may be 
used for auxiliary material with a complemental composition 
making up the final compositions. 
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Table 4-1 









pressing 
corriii 


-ion 


sintering 
atmosphere 


No. 


alloy composition 
(at %) 


particle 
size (pin) 


pressure 
(ton/an 2 ) 


magnetic 
field 
(Me) 


(sintered 
for 1 hr) - . 


1 


Fe-10CD-8B-15Nd-lRl 


3.2 


2 


10 


Ar, 2G0*Darr 


2 


Ee-20OQ-12B-16Na-lTi 


2.4 


1.5 


8 


Ar, aim. pressure 


3 


Fe-2Cb-8B-16Ncl-2V 


6.3 


2.5 


9 


vacuum lxl0~*Tbrr 


4 


Fe-20OD-8&-15Nd-lCr 


2.8 


3 


10 


At, 60Tbrr 


5 


Pe-2Cb-8B-14Na-0 . 5Mn 


3.0 


2 




Ac, 200Ibrr 


6 


Fe-5Cb-8B-17Ha-iac 


3.5 


4.0 


12 


vacuum IxlO^Sbrr 


7 


Fe-20Co-13B-14Nd-0 . 3Hf 


8.3 


3.0 


13 


H 2 , O.lTbrr 


8 


B!e-35Co-7B-15Na-3Mb 


2.5 


3.5 


12 


Ar, 200Tbrr 


9 


Fe-10Go-8B-ia*J-lTa 


1.5 


1.5 


10 


Ar, 460Ibrr 


10 


Fe-20D-8B-15Nd-lW 




2.0 


13 






4.0 


vacuum lxld~ 4 Ttirr 


11 


Fe-20Co-13B-14Na-lfto 


3.3 


2.5 


10 


Ar, atm. pressure 


12 


Ite-20Qj-8B-13Ha-0.3Ge 


3.8 


2 


12 


Ar, 200Tbrr 


13 


Fe-10OD-9B-14Nd-0 . 5Sn 


1.5 


3 


11 


Ar, librr 


14 


Fe-50o-8B-15Na-0 . 2SL 


3L 


2.5 


13 


Ar, atm. Pressure 


15 


Fe-50o-8B-lSNa-lNi 


2.1 


2.0 


11 


Ar, O.Marr 


16 


Fe-10Co-9B-14Pr-lW 


3.5 


1.5 


8 


vacuun lxl0***Tbrr 


17 


Fe-5Co-7B-llNa-4py- 
0.5A1 


2.3 


2.0 


10 


Ar, 20OTorr 
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alloy 
ccsttposxtion 


sintering temperature 


NO 


900°C 


"1000°C 


1080°C 


1160°C 




(at %) 


density 
g/cm 2 


{BH)max 
(MGDe) 


density 
g/cra z 


(BH)max 
(MGOe) 


density 
g/aa z 


(BH)max 
(MGDe) 


density 
g/cnt 2 


{BH)n 


1 


■*• x vw"<jiy ,, i jIMQ, 

-1A1 


5.8 


12.5 


6.8 


20.6 


7.4 


31.6 


7.4 


30. 


2 


Fe—20Co— 12B-16Nd 
-iTi 


5.9 


6.9 


6.8 


13.5 


7.4 


22.1 


7.4 


18.. 


3 


Fe-2Co-8B-16Nd-2V 


5.7 


8.0 


6.8 


14.0 


7.4 


24.0 


7.3 


23. 


4 


-lCr 


5.9. 


13.0 


6.9 


22.5 


7.4 


30.5 


7.4 


29. 


5 


Fe- 20o— 8B-14N3 

-O.SMq 


5.8 


7.3 


6.8 


15.8 


7.4 


25.5 


7.4 


25. 


6 


Fe-5Cto-8B-17Nd 
-lZr 


5.9 


11.5 


6.8 


23.0 


7.4 


30.8 


7.4 


28. 


7 


Fe-20Cto-13B-14Na 
-0.3Hf 


5.8 


9 - 5 


6.9 


17.3 


7.5 


25.4 


7.4 


. 24. 


8 


ExF*3 DUD - " /i3*-JL 0£vul 

-3Kb 


5.8 


7.3 


6.8 


12.3 


7.5 


21.6 


7.5 


21. 


9 


Fe-lOCC>— 8B— 15Nd 
-iTa 


5.7 


13.5 


6.7 


23.5 


7.5 


31.5 


7.5 


30.: 


10 


Fe-20D-8B-15M-lW 


5.9 


13.6 


6.8 


25.8 


7.5 


33.2 


7.5 


32.: 


11 


-llto 


5.8 


12.8 


6.9 


15.9 


. 7.4 


25.4 


7.4 


24.; 


12 


Fe-20Co-8B-13Nd 
-0.3Ge 


6.0 


7.1 


6.8 


13.3 


7.4 


28.1 


. 7 * 4 


26.. 


13 


Fe-1 0CO-9B-14M2 
• -0.5Sn 


5.9 


8.1 


6,8 


13.8 


. 7.4 


26.1 


7.4 


; -24.' 


14 


Fe-5Co-8B-15Nd 
-0.2Bi 


5.8 


11.8 


6,8 


24.1 


7.4 


31.5 


7.4 


30.! 


15 


Fe-5Co-8B-15Nd 

-im 


5.8 


8,9 


6.7 


15.8 


7.4 


25.3 


7.4 


25.i 


16 


Fe-10Qb-9B 

-14Pc-lW 


5.9 


9.8 


6.8 


18.0 


7.4 


26.5 


7.4 


24. J 


17 


Fe-50o-7B-llNd 

-4Dy-0.5M 


5.8 


10.3 


,.0 


18.5 


7.6 


24 1 8 


7.6 ' 


24.: 
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We claim: 

1. a process for producing permanent magnet materials of the 
Fe-B-R type comprising: 

preparing a metallic powder having a mean particle size 
of 0.3 - SO microns and a composition comprising by atomic percent, 
8 - 30 % S wherein It is at least one rare earth element including 
Y, 2 - 28 % boron B, and the balance iron Pe with impurities, 

compacting said metallic powder, and 

sintering the resultant body at a temperature of 900 - 1200 
degrees C in a nonoxidizing or reducing atmosphere. 

2. a process as defined in Claim 1, wherein said metallic 
powder optionally comprising no more than 50 % by atomic percent 
of cobalt Co. 

3. a process as defined in Claim 1, wherein said metallic 
powder optionally comprises at least one of additional elements M 
of no more than the values by atomic percent as specified herein- 
below provided that, when two or more elements M are added, the 
total amount thereof shall be no more than the largest value among 
said specified values of the elements actually added: 

4.5 % Ti, 8.0 % Ni, 5.0 % Bi, 
> 9.5 % V, 12.5 % Nb, 10.5 % Ta f 

8.5 % Cr, 9.5 % Mo, 9.5 % W f 
8.0 % Mn, 9.5 % Al, 2.5 % Sb, 
7.0 % Ge, 3.5 % Sn, 5.5 % Zr, 
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and .5.5 % Hf . 



4. A process as defined in Claim 3, wherein said metallic 
powder optionally comprises, by atomic percent, no more than 50 



% Co. 



5. A process as defined in any of Claim 1 - 4 wherein the 
process further comprises the steps of melting the starting met 
material, cooling the resultant alloy and pulverizing the alloy 
prepare said metallic powder. 

6. . A process as defined in Clai* 5, wherein the cooling is 
made under such a condition that yields substantially crystallij 
state. 

7. A. process as defined in any of Claim 1 - 4, wherein the 
Process further comprises a stage of preparing said metallic p* 
by heating a fixture of rare earth oxide and the other metallic 
materials with a reducing agent to reduce the rare earth oxide. 

8- A process as defined in any of Claim 1 - 4, wherein the 

compacting is carried out in a magnetic field. 



a. A process as defined in any of Claim 1-4, wherein said 

metallic powder comprises, by atomic percent, 10 - 25 % R, and 
3 - 23 % b, and the compacting is carried out without applying 
the magnetic field. 
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1. A process as defined in any of Claim 1-4, wherein the 
.ntering is carried out at 1000 - 1180 degrees C. 

L. A process as defined in Claim 9, wherein the sintering is 
irried out at 1000 - 1180 degrees C. 

2. A process as defined in Claim 1, wherein the sintering is 
arried out in an inert gas atmosphere or a reducing gas atmosphere. 

3. A process as defined in Claim 1, wherein the sintering is 
arried out in the vacuum. 

4* A process as defined in Claim 13, wherein the vacuum is 
0~ 2 Torr or less. 

.5. A process as defined in Claim 12, wherein the sintering is 
ade at a normal pressure or at a reduced pressure. 

.6. A process as defined in any of Claim 1-4, wherein the 
lean particle size of the metallic powder is 1.0 - 40 microns. 

17. A process as defined in Claim 16, wherein the mean particle 
size of the metallic powder is 2 - 20 microns. 

L8. A process as defined in any of Claim 1-4, wherein R is 
L2 - 24 %, and B is 3 - 27 %. 

19. A process as defined in Claim 18, wherein. R is 12 - 20 %, 
and B is 4 — 24 %. 
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20. A process as defined in Claim 19, wherein Co is no more 
than 35 %. 

21. A process as defined in Claim 4, wherein Co is no more thi 
25 %. 

22. A process as defined in Claim 4, wherein Co is 5 6 or more 

23. A process as defined in any of Claim 1 - 4, wherein the 
light-rare earth element (s) amounts to no less than 50 at % of tl 
overall rare earth elements R. 

24.. A process as defined in Claim 9, wherein the light-rare 
earth element (s) amounts to no less than 50 at % of the overall 
rare earth elements R. 

25. A process as defined in Claim 23, wherein the sum of Nd 
plus Pr amounts to no less than 50 at % of the overall rare earth 
elements R. 

26. A process as defined in Claim 24, wherein the sum of Nd 
plus Pr amounts to no less than 50 at % of the overall rare earth 
elements R. 

27. A process as defined in Claim 9, wherein R is 12 - 20 % 
and B is 5 - 18 %. 



28. A process as defined in Claim 



27, wherein R is 12 - 16 % 
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and B is 6 - 18 %. 

29. A process as defined in any of Claim 1-4, wherein said 
metallic powder is selected so as to maintain the impurities in 
the resultant sintered body at a value of no more than the values 
by atomic percent specified below provided that the sum of the 
impurities is no more than 5 % by atomic percents 

3.5 % Cu r 4.0 % C, 3.5 % P, 

4.0 % Ca f 4.0 % Mg, 2.0 % O, 
2.0 % Si, and 5.0 % S. 

30. A process as defined in Claim 6, wherein said additional 
elements M are comprised no more than the values specified below: 

4.7 % Ti, 4.7 % Ni, 5.0 % Bi, 
10.5 % V, 12.5 % Nb, 10.5 % Ta, 
8.5 % Cr, 9.5 % Mo, 8.8 % W, 
8.0 % Jin, 9.5 % Al, 2.5 %, Sb, 
6.0 % Ge, 3.5 % Sn, 5.5 % Zr f 
and 5.5 % Hf. 

31. A process as defined in any of Claim 1-4, wherein the 
metallic powder is an alloy powder having said respective 
sition. 

32. A process as defined in any of Claim 1-4, wherein the 
metallic powder is a mixture of alloy powders making up said 
respective composition. 
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33. A process as defined in any of Claim 1-4, wherein the 
metallic powder is a mixture of an alloy or alloys having an 
Fe-B-R base composition and a powder metal having a complementary 
composition making up the respective final composition of said 
metallic powder. 

34. A process as defined in Claim 33, wherein said powdery 
metal comprises an alloy or alloys of the componental elements of 
said final composition. 

35. A process as defined in Claim 33, wherein said powdery 
metal comprises a componental element (s) of said final compositioi 

36. A process as defined in Claim 29, wherein the impurities i 
are no more than the values, by atomic percent, specified below s 

2.0 % Cu, 2. 0 % C, 2.0 % P, 

4.0 % Ca, 4.0 % Mg, 2,0 % 0, 
5.0 % Si, and 2.0 % S. 

provided that the sum of the impurities is no more than 

5 %. 
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FIG. I 
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FIG. 2 
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FIG. 4 
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FIG. 5 
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FIG. 6 
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FIG. 8 
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FIG. II 
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FIG. 12 
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FIG. 13 
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